ABSTRACT
INTRODUCTION
The transport of components from vegetables tissues into aqueous solutions is technologically important in the case where vegetables are subject to washing prior to packaging for consumption as fresh foods, and in the case where long-term preservation of vegetables is obtained at the expense of acid produced from such components by native (or deliberately added) micro-organisms (Potts et al., 1986) . The preparation of lactic acid pickles from carrot slices, which falls within the latter situation, has been studied in the past by a number of authors and is also the focus of our interest here. Since most approaches refer to high temperature processes (say, above 50°C) for which the conditions of validity of Fick's law of diffusion hold, difficulties have been experienced when trying to predict the diffusion behaviour at room temperatures (say, between 15 and 30°C) for which physiological processes (post-harvest vegetables are still living systems to some extent for a certain time) play a role in addition to molecular transport.
Although at relatively high temperatures the effect of temperature on the diffusivities is well described by Arrhenius law (which is a consequence of the strong dependence of the diffusivity on the reciprocal of the liquid viscosity, which in turn varies in an approximately exponential fashion with the absolute temperature (Oliveira, 1988) ) results obtained at low temperatures for a variety of vegetable materials also follow such empirical, classical dependency (Jowitt et al., 1982; Beristain et al., 1990; Moreira et al., 1992) . In addition to temperature, the concentration of solutes affects their rates of transport between brines and submerged vegetables, and arguments based on the role of the structure of the vegetable tissues on such rates have been proposed (Soddu & Gioia, 1979; Potts ct al., 1986; Kincan & Kaymak, 1987; . Leaching of a component from a vegetable (which may be viewed as a solid matrix) into a solution is intimately related to solubilization (Pflug et al., 1967; Schwartzberg, 1975) , because the driving force for mass transfer is directly affected by the position of the equilibrium (Oliveira, 1988; Biswall & Maguer, 1988) .
In the lirst paper of this series (Nabais et al., 1996) it was statistically established that the molecular transport at various temperatures and initial concentrations of lactic acid and of sodium chloride from a brine into carrot slices submerged therein could be simulated from first principles on the assumption that the apparent diffusivity and the partition coefficient were constant for each set of operating conditions. In the case of the transport of reducing sugars in the opposite direction, the best model found in statistical terms corresponded to the assumptions that the apparent diffusivity was a function of time through a first-order rate process on the concentration of intact carrot cells inhibited by a first-order process on the concentration of burst carrot cells, and that the partition coefficient was a constant for each set of operating conditions. In this paper, the dependence of such parameters on the operating variables (i.e. the temperature and initial concentration of solutes in the brine) is taken one step further by postulating empirical dependencies and testing them for significance on statistical grounds.
EXPERIMENTAL WORK
The experimental details pertaining to the preparation of the brines, performance of diffusion experiments, analysis of sodium chloride, reducing sugars and lactic acid were given in the first paper of this series (Nabais et al., 1996) . The viscosity was determined with an Ostwald viscometer under isothermal conditions. The mass density was determined under isothermal conditions using the classical glass picnometer method.
EXPERIMENTAL RESULTS
The longitudinal distribution of reducing sugars in a typical carrot is depicted in Fig.  1 . The values obtained for the average concentration of reducing sugars for various carrots are depicted in Fig. 2 . The values of mass density and viscosity of the brines are depicted in Table 1 , whereas plots of the apparent diffusivities vs these physicochemical quantities are available as Fig. 3 and Fig. 4 .
Mathematical analysis
Each carrot slice is assumed to behave as an infinite slab of uniform material of thickness Z, submerged in a well stirred solution. Under these circumstances, Nabais et al. (1996) have previously shown that the mass balances of acid and salt within the carrot material which best fit the experimental data taken at various temperatures and initial concentrations of acid and salt take the following integral form:
In eqn (1) and eqn (2) C, a and C,, are the volume-averaged concentrations of acid and salt, respectively, 'in the carrot material; C,,, and C,,, are the concentrations of acid and salt, respectively, in the carrot material; x is the coordinate along the direction of diffusional flow (x=0 at the centre of the carrot slice); t is the time elapsed upon submersion of the carrot slices in the brine: C,,;,,, and CC,,,, are the volume-averaged concentrations of acid and salt, respectively, in the carrot material in equilibrium with the brine (i.e. the average concentrations in the carrot observed after a long period has elapsed); 9, and !& are defined as VJ (2&L&) and V,I(24,L,K,), respectively, where V, is the volume of the brine, A, is the area of each exposed surface of the carrot slice, and K, and KS are the partition coefficients of acid and salt, respectively, between the brine and the carrot material; and qa,,, and qS,,, are non-negative eigenvalues of tan(q,,,) + sZ,,,q,., =0 and tan(q,,,l) + QqS,, =O, respectively. The best estimates of parameters pDap,r+ and PD ap,r,s are graphically depicted in Fig. 5 and Fig. 7(a) , respectively.
In a similar fashion, the same authors have shown that the mass balances to reducing sugars within the brine take the following integral form:
where Ci r is the concentration of reducing sugars in the brine, Cl,r,oo is the concentration of reducing sugars in the (well stirred) brine in equilibrium with the carrot material, Sz, is defined as I/,/(2&5&) (where K, is the partition coefficient of reducing sugar between the brine and the carrot material, CX,, is the concentration of carrot cells that were intact at the start-up of the experiment, C,,,,,, is the total concentration of carrot cells in the carrot material, k, is the second-order rate constant for the bursting of the carrot cells and qr,,, are non-negative eigenvalues of tan(q,,) + %q,, =O. The best estimates obtained for parameters pDap,r,, and p(k,C,,,,,) are graphically depicted in Fig. 9(a) and Fig. 11(a) , respectively.
The saturation concentrations (viz. C,,,, C,,,, and Cl,_) are constrained in each case by a material balance to the species in question partitioned between a liquid phase (i.e. the brine) and a solid phase (i.e. the carrot). However, recalling the definitions of the partition coefficients (viz. K,=C,,,.,/C,,,,,, K,=C,,,, -//C,,,, , and K=C,,, JCL, %, where CL,, TI and CL,, are the constant concentrations of acid and salt, respectively, in the carrot maternal and C,,,, is the constant concentration of reducing sugars in the carrot material, all after a long period has elapsed and equilibrium conditions have been reached), one obtains, following some algebraic rearrangement, the following relationships:
CI.a.u-(Pc~JV)C,,.. , where pc is the mass density of the carrot material, V, is the volume occupied by the carrot, and C,,a,O and Cl,s,o are the initial concentrations of acid and salt, respectively, in the brine. Average values for the yhysicochemical quantities are as follows: oc.= 1.112 g/cm"; I',=50 cm"; 1/,=6.7 cm-; and Cl,a,,, and Cl,s,O are equal to 0.5, I.0 and 2%, or to 5.0, 75, 10, 15 or 20% (w/v), respectively, depending in each case on the preparation of the brines (Nabais et al., 1996) . The reason why the K, appears normalized by C,,, in eqn (6) rather than isolated, as happens with K, and K, in eqn (4) and eqn (5), respectively, derives from the observation that the variabilities of initial sugar content within the same carrot (see Fig. 1 ) and from carrot to carrot (see Fig. 2 ) are very large (remember that C,,,, X correlates positively with Cc,r,O)r which contrasts clearly with the fact that C,,,, and C,,,. x are much less variable (because the brines are deliberately prepared to a given concentration and not a function of a natural metabolism). The best estimates of parameters pK,,, pK, and pK, are graphically depicted in Fig Since, as shown before (Nabais et al., 1996) , the above models provide the best statistical fit to all experimental data sets when considered independently at each temperature and solute concentration, the question may be raised as to whether a continuous dependence of the estimated parameters on temperature and initial solute concentration in the brine are also statistically significant. Hence, nested forms (of increasing complexity) of the above models were considered. In all cases, Model 0 (the base model) corresponds to the assumption that no relation exists linking the parameter in question to the operating variables (i.e. Model 0 provides a test for a constant value irrespective of the operating conditions). Model 1 encompasses a temperature dependence based on the classical Arrhenius-type dependency for the diffusivities, the rate constants and the partition coefficients.
For the dependence of the various parameters on the concentrations of either acid or salt there is no obvious rationale. However, inspection of Table 1 coupled with Fig. 1 and Fig. 2 indicates that approximate linear relationships of pD,,,r,, on either the mass density or the viscosity of the brine (which is in turn a function of the solute concentration)
can be obtained, and that such relationships have approximately the same slope irrespective of the temperature utilized (although lower temperatures lead to a decrease in the vertical intercept). For these reasons, linear relationships of PD_,~,~, (i=a,s,r) and, for the sake of generality, also of p(Ki) (i=a,s), p(K,IC,,,., , ) and p(K; CX,&, on the initial concentrations of solutes were tentatively postulated, thus forming the basis of Model 2. Parameter CX,,/CX,tot, which appears in eqn (3) and is a measure of the initial degree of cell integrity of the carrot material, was left out of this modelling effort because it is a function of a variety of factors which are out of the control of the experimenter, namely the time elapsed and the storage conditions since harvest (i.e. such parameter cannot be considered an intrinsic property of the carrot material); furthermore, inspection of the best estimates of this parameter (Nabais et al., 1996) has indicated that such parameter may in most cases be assumed to be virtually equal to unity.
Each model is considered below in more detail. 
Model 0
The values of pD ap,f,a, p&,f,s, p&,f,r, pL pK, p(KG.~,-~ ) and p(kC~,,~,,) are independent of the temperature and the initial concentration of salt or acid, viz. pDap,f,i=X~]; i=a,s,r (7) p Ki=P,,; i=a,s 
STATISTICAL ANALYSIS
The estimates of the parameters obtained previously (Nabais et al., 1996) were fitted using minimization of the sum of squares of the weighted residuals through nonlinear regression to the linearized forms of the models. The weights utilized were in each case equal to the number of degrees of freedom for the parameter in question.
The fitted lines are plotted in Fig Table 2 . Extra residual sum of squares analyses pertaining to Models 0 and 1, on the one hand, and Models 1 and 2, on the other, are depicted in Tables 3 and 4 , 5, 6, 7, 8 and 9 , for transport of acid, salt and reducing sugars, respectively.
DISCUSSION AND CONCLUSIONS
It should be pointed out that the Kis (i=a,s,r) enter eqn (1) eqn (2) eqn (3) in three ways: (i) through the definition of the $s; (ii) through the equation defining the eigenvalues qi,ns (again due to the definition of the Qs); and (iii) through the overall mass balances encompassing the Cc,i,Es (i=a,s) or Cl,r,oo (as appropriate). However, in the range of parameter values of interest for our situation, the functional dependence of the C,i,, on the Kis is strong, whereas the functional dependence of the Qs on the Kis is weak, and the functional dependence of the qi,ns on Kis is even weaker. Therefore, to a very good numerical approximation, eqn (4), eqn (5), eqn (6) yield the only relationships encompassing the Kis which are numerically significant, and were so considered thereafter. This statement is also confirmed in statistical terms because attempts to estimate the Kis from fits to the data after having deliberately replaced the Qs and qi,ns by the appropriate functional relationship on the Kis have failed to converge.
The fact that parameter CX,O/CX,tot, which appears in eqn (3) and is a measure of the initial degree of cell integrity of the carrot material, is in most cases essentially equal to unity suggests that most of the cell disruption occurs during submersion of the carrot slices in the brines and net during storage of the carrots following harvest. (It should be reminded that the amounts of sugar leached from the carrot to the brine are a direct measure of the degree of cell disruption at any stage because these molecules are large enough to be prevented from permeating the cell wall.) In the absence of a rigorous theory for diffusion in liquids, rough (empirical) theories have been developed to provide order of magnitude calculations. One good example is Wilke's theory (Bird et al., 1960) which suggests that the diffusivity of a solute in a liquid phase is directly proportional to T* p,/,u, for any given system. For large ranges of values for the mass density and the viscosity, it should then be expected that the diffusivity would be directly proportional to the mass density and inversely proportional to the viscosity for a given temperature. This means that pDap,f,i should increase with increasing pi and decrease with increasing pul. The first part of this statement is contradicted by our experimental values, whereas the second part agrees with them; hence, it was decided to postulate an empirical relationship which may have taken both trends into account (note that for limited ranges of values for the mass density and the viscosity, as is the present case, the variation of the quantities and the variation of their logarithms have approximately the same shape). On the other hand, Eying's theory for the approximate behaviour " SSR=sum of squares of residuals; h DF=number of degrees of freedom; MSS=SSR/DF; ' F-ratio=(MSS associated with the extra parameters)/(MSS associated with the full model); P=probability that the given value of the F-ratio happens by pure chance. F(1,13;5%)=4+7: F(1,12; 5%)=4.75.
of a liquid predicts that p,=A, exp {AI/T) (Bird et al., 1960) , where A, and A1 are constants for each system. Combination of these two relationships yields &,,f,j=BI.T.p,.
where B, and B2 are constants for each system. Since for the range utilized the mass density and the absolute temperature were varied only slightly, then it is expected that an Arrhenius-type relationship should hold for the dependence of the diffusivities on the temperature.
This fact is well confirmed by the large values for the F ratio in Tables 3, 5 and 7 when going from Model 0 to Model 1. The empirical dependence postulated for the diffusivities on the initial concentration of solutes in the brine is much weaker, and so the improvement in the fit when going from Model 1 to Model 2 is much less (see corresponding F ratio in Table 3 ). The improvement in going from Model 1 to "SSR=sum of squares of residuals; hDF=number of degrees of freedom; MSS==SSR/DF; 'F-ratio=(MSS associated with the extra parameters)/(MSS associated with the full model); P=probability that the given value of the F-ratio happens by pure chance. F(1.13;5%1)=4.67: F( 1,12;5%)=4.75. "SSR=sum of squares of residuals; bDF=number of degrees of freedom; MSS=SSR/DF; "F-ratio=(MSS associated with the extra parameters)/(MSS associated with the full model); P=probability that the given value of the F-ratio happens by pure chance. F(1,23;5%)=4.28; F(1,22;5%)=4.30.
Model 2 is not statistically significant for the case of transport of sugar from the carrot to the brine because in this case the species in the brine (salt) is not the species whose transport is under scrutiny (see F ratio in Table 7 ). The case pertaining to the transport of salt is quite different, probably because the range of concentrations studied is very high (which leads to major variations of the activity coefficient for salt in the electrolyte solution). The variation of the partition coefficients with temperature follows van? Hoff law (Smith & van Ness, 1987) as can be concluded from inspection of the F ratios from going from Model 0 to Model 1 in Tables 4, 6 and 8. Further improvement in the reduction of the residual sum of squares is not relevant from a statistical point of view when a dependence on the solute concentration in the brine is postulated (see F ratios associated with going Table 9 ); this situation was expected because k, is a rate constant.
In general, the diagnostic checks implemented through plotting the residuals (results not shown) led to the detection of: (i) no strong deviations from linearity in the normal plots (thus indicating a normal distribution of residuals); and (ii) no relevant trends for the residuals nor strong correlations with the dependent variables (thus indicating constancy of variance). Therefore, the methodology utilized to minimize the sum of the squares of the residuals (as was done) provides maximum likelihood estimators for the parameters. The activation energies associated with the apparent diffusivities, given by R. a, -ln(lO), are 22.09, 29.68 and 14598 kJ/mol for the transport of acid, salt and reducing sugars, respectively, between the brine and the carrot. These values are well within the range expected for a physical phenomenon. By the same token, the enthalpies of the reaction of partition of the various species between brine and carrot material, given by R-p1 * ln(lO), are 7*21, 10.76 and 6.46 kJ/mol for acid, salt and reducing sugars, respectively. These values are once again acceptable, and suggest that the partitioning is a slightly endothermic process. Finally, the activation energy of the process of bursting of the carrot cells, given by R + y1 + ln(lO), is 9756 kJ/mol, again an acceptable value for an essentially physical process.
Inspection of Fig. 1 indicates that the reducing sugars tend to concentrate in the middle portion of the carrot slice (the core), an observation that agrees with the accepted fact that transport of salts in a plant occurs upwards through the internal layer of the core, whereas transport of sugars occurs downwards through the external layer of the core (Meyer et al., 1965) . On the other hand, these sugars tend to increase in concentration for both the core and the cortex (i.e. the external portion of the carrot slices) from the top of the carrot towards the middle part, and then decrease towards the bottom of the carrot; this behaviour is probably owing to the fact that the vascular system is not well differentiated in the meristematic tissues of the root edge (Meyer et al., 1965; Richardson, 1975; Salisbury & Ross, 1978) .
The fact that rupture of the cell membrane in the carrot tissue is required before the sugars can diffuse out to the brine is confirmed by the fact that the weight of immersed carrot slices increased by 7-10% (w/w); such increase may be a result of the osmotic intake of water that will eventually lead to the aforementioned release of free sugars which can then be transported by a diffusion mechanism.
Inspection of Table 2 indicates that increases in the concentration of acid and salt in the initial brine lead to increases of the apparent diffusivisities of acid and salt, respectively. This verification (coupled with the inspection of the order of magnitude of parameters a2 in both cases) suggests a slight concentration dependence for the diffusivity, an observation which may indicate the importance of osmotic phenomena. The fact that the presence of solutes modifies the permeability of the membrane and wall of vegetable cells has been reported elsewhere (Salisbury & Ross, 1978) . On the other hand, from Table 1 one concludes that the viscosity of the brine increases with either the acid or the salt concentrations.
Although these observations seem to contradict the usual assumption that diffusivities in liquids decrease when the viscosity increases, they are in agreement with data reported by Pflug et al. (1967) and Liu (1992) encompassing similar systems.
It may be argued that the diffusivity of the carrot material is a function of the temperature and concentration of the species at every location within the carrot boundaries, and not a function of the measured total concentration of acid or salt in the brine or the temperature thereof. However, it should be realized that one of the major features of the analysis presented here was the development of an analytical solution for the material balance underlying the molecular transport of acid and salt into the carrots, and of reducing sugars out of the carrots; such analytical solution would not have been possible if two or three material balances had to be combined with one another and/or with an energy balance. In addition, even if isothermal conditions were assumed throughout the carrot material, any statistically significant correlation of D ap.f,i(Xlt) with C&t) ( w h ere i=a,s,r) would have required data on the concentration profiles of each such species at various times and locations within the carrot; such sampling would destroy the integrity of the carrot slices because it would require cutting of the carrot slices and smashing of them prior to analysis rocedures that are very prone to experimental error) so the increase in accuracy then going from D. ap,f.i=Dap.t.,i (Ci.0) to Dpp,f,i=Dap,f,i(Ci(Xtt)) would very likely bc lost by the increase in experimental variability. On the other hand, the concentration of salt and acid in the brine are easily measured, and for practical purposes it is much more useful to have correlations available for the approximate prediction of the values of parameters Dap,f,i or k; C,,,,, based on direct operating variables rather than based on variables which are not easily accessible experimentally, and which would require involved numerical integration techniques for their theoretical computation.
For practical purposes, it may be stated that the variation of PD~~,~,:,, pDZ,p,l.,s and pDap,f,r with operational parameters is well approximated by Model 2, Model 2 and Model 1, respectively; whereas pK,,, pK,, p(K,IC,,, , ) and ~(k;c~,~,,,) are all well approximated by Model 1.
